Polarization Correlation Signal Processing For Radiometers, Ladars, and 

Radars 

Cross Reference to Related Application 
5 [001] This application is a continuation-in-part of U.S. Patent Application Serial No. 
10/341,151, filed January 13, 2003 and entitled "A Device and Method for 
Determining All Components of the Stokes Polarization Vector within a Radar 
Signal". 

10 Background of the Invention 

1. Field of the Invention 

[002] The present invention relates to devices and methods for comparing or 
correlating a state of polarization of an electromagnetic wave to a known library of 
15 such polarization states and, more particularly, to applications where the comparison 
of the state of polarization of an electromagnetic wave are employed, such as for 
target discrimination. 

2. Related Art 

20 [003] Identifying the state of polarization of an electromagnetic wave by determining 
the Stokes polarization vector components of the wave is known. In particular, an 
electromagnetic wave, such as a spectral band of light, or of electromagnetic 
radiation in any spectral band, may be characterized as having four Stokes vector 
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components (so, si, Sa, and S3). The component So is proportional to the intensity of 
the wave. The components Si. S2, and S3 may be related to the orientation of the 
polarization, e.g., an ellipse and its ellipticity. In general, the orientation of 
polarization of a plane (planar phase front) monochromatic (single frequency) wave 

5 is elliptical. However, the ellipse may degenerate into a straight line in the case of 
linear polarization, and for circular polarization, the ellipse may degenerate into a 
circle. Electromagnetic radiation of broad bandwidth (polychromatic radiation) may 
be considered to comprise many signals each of which is monochromatic and which 
is generally elliptically polarized as described above. 

10 [004] An elliptically-polarized wave can be considered as the superposition of two 
waves of arbitrary orthogonal (perpendicular) polarization and amplitude a^ and a2 
with phase difference 5. In this case, the components of a Stokes polarization vector 
(So, Si, S2, and S3) may be equated to amplitude (ai and a2) and phase difference (8) 
as provided in the Table below: 

15 TABLE 

S2 -la^a^ cos (5, 
^3 =2a,a2 sin (5. 



Accordingly, based on the equations given above, the Stokes vector is known if the 
parameters ai, 32, and 6 are known. For further details concerning the Stokes 
20 polarization vector the reader is referred to the Principles of Optics, 3rd Edition, by M. 
Born and E. Wolf, Pergamon Press, Oxford, 1965, Chapter 1 which is incorporated 
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herein by reference to the extent necessary to make and practice the present 
invention. 

[005] One way of measuring the Stokes vector components (so,Si, Sa, and S3) is to 
place two polarizers and a retarder in the optical path sequentially. Insertion of a first 

5 polarizer into an optical path gives a measure of one of the linear polarizations and a 
second polarizer is also inserted to give the other linear polarization. A retarder is 
further inserted into the optical path to retard a signal having a given sense of 
polarization in phase relative to a signal having another sense, where the two senses 
are generally orthogonal to each other. Output from the retarder is a signal 

10 containing data that can be used to calculate 6 when the linear components are 
known. The disadvantage of this approach is that it involves moving parts, since 
these optical components must be placed successively in the optical path. Also, in a 
dynamic scene, a polarimeter using moving parts would give smeared results, since 
the scene could change during the times that the polarizers are being changed. 

15 [006] Other ways of measuring the Stokes vector components have been proposed. 
For example, the paper entitled "Spectroscopic Polarimetry with a Channeled 
Spectrum" by Kazuhiko Oka and Takayuki Kato, published in Optics Letters, Vol. 24, 
No. 21 , November 1 , 1999 describes a system for spectropolarimetry which 
eliminates the need for inserting and removing polarizers into or out of the optical 

20 path. In particular, Oka and Kato employ a pair of birefringent retarders and an 
analyzer to modulate light so that the state of polarization of the light varies with 
frequency. The modulated light is then passed to a spectrometer or spectrum 
analyzer and then to a computer where, through Fourier analysis, the state of 
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polarization of the modulated light is determined. Sabatke, et al., in Optical 
Engineering yol 41, No. 5, May 2002, describe an imaging spectropolarimeter that 
uses two optical retarders and a polarizer, together with a computed tomographic 
imaging spectrometer (CTIS), to measure a complete Stokes vector while employing 

5 no moving parts. Also, U.S. Patent Application Serial No. 10/631,218, to McMillan et 
al, filed July 25, 2003 and entitled "Coherent Radar and Ladar Polarimeter" describes 
a method for measuring a Stokes vector using a dual channel coherent receiver. 
[007] It is also known that light reflected or emitted from a man-made object will 
generally have a different polarization signature from light reflected or emitted from a 

10 natural background. For example, unpolarized light incident on a flat surface will 
have much of its vertical component absorbed and its horizontal component 
reflected. 

[008] In view of the foregoing it will be recognized that, to date, no suitable device or 
method of comparing a complete polarization signature of a target scene with known 
15 polarization signatures with no moving parts is available. 



Summary of the Invention 
[009] In accordance with an embodiment of the present invention, a correlating 
polarimeter is provided for correlating a received waveform of a wideband 
20 electromagnetic signal with a predetermined waveform. The correlating polarimeter 
may comprise a first antenna for receiving an electromagnetic signal and a 
modulator interconnected with the first antenna for modulating the electromagnetic 
signal whereby a modulated electromagnetic signal results which contains a different 
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polarization state for each frequency of the electromagnetic signal with the amplitude 
of each frequency component of the modulated electromagnetic signal being a 
function of the particular polarization state of each frequency component of the 
electromagnetic signal. The correlating polarimeter may also comprise a linear 

5 polarizer that may be configured to pass a first predetermined polarization of the 
modulated electromagnetic signal through a first output thereof, a first receiver for 
receiving and demodulating the electromagnetic signal from the linear polarizer and 
outputting a received waveform and a correlator operatively interconnected with the 
first receiver and being configured to compare the received waveform to a 

10 predetermined waveform and output a correlation indicator. 

[010] In another aspect of the invention, a correlating polarimeter for correlating a 
received waveform of a reflected wideband electromagnetic signal to a 
predetermined waveform comprises means for receiving an electromagnetic signal 
and means for modulating the electromagnetic signal being interconnected with the 

15 receiving means whereby a modulated electromagnetic signal results which contains 
a different polarization state for each frequency of the electromagnetic signal with the 
amplitude of each frequency component of the modulated electromagnetic signal 
being a function of the particular polarization state of each frequency component of 
the electromagnetic signal. The correlating polarimeter may also comprise means 

20 for linearly polarizing the modulated electromagnetic signal, means for demodulating 
the modulated electromagnetic signal output from the linear polarizer and outputting 
a received waveform and means for correlating the received waveform to a 
predetermined waveform and outputting a correlation indicator. 
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[01 1] In a further aspect of the invention, a correlating polarimeter for correlating 
Stokes vector components of a received waveform of a wideband electromagnetic 
signal with a predetermined set of Stokes vector components comprises a first 
antenna for receiving an electromagnetic signal and a modulator interconnected with 

5 the first antenna for modulating the electromagnetic signal whereby a modulated 
electromagnetic signal results which contains a different polarization state for each 
frequency of the electromagnetic signal with the amplitude of each frequency 
component of the modulated electromagnetic signal being a function of the particular 
polarization state of each frequency component of the electromagnetic signal. The 

10 correlating polarimeter may also comprise a linear polarizer configured to pass a first 
predetermined polarization of the modulated electromagnetic signal through a first 
output thereof, a first receiver for receiving and demodulating the electromagnetic 
signal from the linear polarizer and outputting a received waveform and at least one 
processor operatively connected to the first receiver for inputting the received 

15 waveform and calculating at least one component of the Stokes polarization vector 
and the at least one processor being configured to compare the at least one 
component of the Stokes polarization vector to at least one predetermined 
component of a predetermined Stokes polarization vector and output a correlation 
indicator. 

20 
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Brief Description of the Drawings 
[012] Other objects and advantages of the invention will be evident to one of 
ordinary skill in the art from the following detailed description made with reference to 
the accompanying drawings, in which: 

5 [013] Figure 1 is a diagrammatical view illustrating a polarimeter in accordance with 
one embodiment of the present invention wherein the polarimeter comprises a 
radiometer and a transmitter having a separate antenna, a Fourier transform input 
graph and Fourier transform output graph are also shown; 
[0-14] Figure 2 is a diagrammatical view showing further details of a receiver in 

10 accordance with the embodiment of Figure 1 ; 

[015] Figure 3 is a diagrammatical view showing a polarimeter in accordance with 
another embodiment of the present invention wherein the polarimeter comprises a 
monostatic radar in which a transmitter and a receiver share a common antenna, a 
Fourier transform input graph and Fourier transform output graph are also shown; 

15 [016] Figure 4 is a top plan view of a lens that may be used in the practice of the 
present invention; 

[017] Figure 4a is an enlarged sectional view taken along line 5 of Figure 4; and 
[018] Figure 5 is a diagrammatical view showing a correlating polarimeter in 
accordance with another embodiment of the present invention comprising a 
20 radiometer and a separate transmitter and a graph of an example spectrum is also 
shown. 
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Detailed Description of the Preferred Embodiment 
[019] One embodiment of the present invention concems a device and a method for 
comparing a polarization signature of a target scene within a radar return signal to a 
known polarization signature in just one radar coherent processing interval. This 

5 approach is based on the principle that a broadband electromagnetic wave 
propagating through cascaded birefringent elements has different polarization 
vectors rotated by differing amounts depending on the original state of polarization 
and frequency. If the resulting or modulated signal is then propagated through a 
linear polarizer serving as an analyzer, a spectrum results that is a function of 

10 polarization state relative to frequency. This spectrum may then be compared to 
those of known targets in a comparator or a correlator, thereby resulting in possible 
target identification where the correlation coefficient is sufficiently high. In 
conjunction with Patent Application Serial No. 10/341,151 to McMillan, et al., filed 
January 13, 2003, if this spectrum is subjected to a Fourier transform operation, a 

15 signal whose polarization (Stokes) components are separated in frequency results. 
The Stokes components may then be separated by using a frequency sensitive 
device such as a bandpass filter. Wide or broad bandwidth is achieved by either 
sweeping the signal linearly in frequency over a range corresponding to the 
bandwidth or by stepping the frequency change in small steps so as to approximate 

20 a linear sweep. If the frequency change is linear, the spectrum is swept out linearly 
in a time equal to the period of the swept waveform. If the frequency is stepped, a 
point on the spectrum is generated corresponding to each incremental frequency. 
Accordingly, it is possible to separate these Stokes components and perform the 
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polarization correlation operation using only one radar receiver instead of the three 
that would be normally required for such an operation in previously available devices. 
Also, the addition of a second receiver provides the means to process the radar 
signal using standard methods to extract range, Doppler, and other parameters 
5 normally measured by a standard radar and known to those of ordinary skill in the 
relevant art. 

[020] It will be understood that the polarization information determined in 
accordance with this embodiment of the present invention may be used as a 
discriminant for target detection that advantageously does not affect normal radar 
10 operation. In accordance with an aspect of the present invention, a device and 
method is provided for correlating the polarization signature of a target scene with 
known target polarization signatures for both radar (active) and radiometer (passive) 
systems. 

[021] A radiometer signal is inherently broadband, equal to the bandwidth of the 
15 radiometer receiver, and all frequencies in the band are received at once. In 

accordance with an embodiment of the present invention, the radiation received by a 
radiometer may be continuous wave (CW) and may be separated into its individual 
frequency components by being placed into frequency bins by the microwave or 
millimeter wave receiver whereby the receiver omits the need for a spectrometer and 
20 is able to resolve narrow spectral bands with high resolution. Also, it will be 
appreciated that the electromagnetic signal sent by the radar may be pulsed. 
[022] The present invention provides, in one aspect, for the effective discrimination 
of targets from clutter because it has been found that man-made objects, and some 
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natural objects, reflect light, or electromagnetic radiation of any wavelength, with 
some polarization effects as described above. 

[023] Referring now to Figure 1 , a polarimeter in accordance with one embodiment 
of the present invention is illustrated generally at 10. In this embodiment, the 

5 polarimeter 10 comprises a passive radiometer 12 which may be employed in 

connection with a transmitter 14 to form a bistatic radar or ladar. The radiometer 12 
preferably may be configured to receive a wide or broadband electromagnetic 
radiation or signal 16 in the microwave or millimeter wavelengths, in the visible or 
infrared wavelengths, or in any band for which suitable optical, millimeter wave, or 

10 microwave components may be obtained. The broadband signal 16 of arbitrary 
polarization emitted or reflected from a target scene within the field of view of the 
radiometer antenna may be collected by an antenna 18 and focused to a beam waist 
20 along a focal plane by a reflector 22. For shorter wavelengths, where diffraction 
is negligible, the signal may be collimated through the chain of optical elements. 

15 [024] The antenna 18 preferably comprises a Cassegrain antenna, although, it will 
be understood that an antenna such as a parabolic reflector or lens antenna may be 
employed in accordance with the present invention. Accordingly, it will be 
understood that the term "antenna" as used herein may include any structure for 
receiving or collecting electromagnetic energy including those having one or more 

20 lenses. A Cassegrain antenna may be obtained from AdComm Inc. of Hackensack, 
NJ. 

[025] It will be appreciated that the beam waist 20 may be formed when a 
converging or convex lens is used to focus a plane wave of an electromagnetic 
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signal or radiation. At microwave and millimeter wavelengths, diffraction effects are 
strong, and the focal point becomes a waist, which is the narrowest point of the 
beam. In conventional optics, rather than forming a recognizable beam waist, a very 
small waist is formed, approaching a point in size, because the effects of optical 

5 diffraction are small. 

[026] A retarder 24, made of a birefringent material suitable for infrared, visible, 
microwave or millimeter wave radiation and described in more detail below, may be 
placed at a center of the beam waist 20 with its fast (F) and slow (S) retardation axes 
oriented as shown at 26. As is known, a birefringent material is defined as one 

10 through which an electromagnetic signal propagates at different velocities depending 
on the polarization of the signal. Accordingly, it will be appreciated that a 
horizontally-polarized component of an input signal will be retarded in time or phase 
relative to a vertically-polarized component thereby resulting in a rotation of the 
polarization vector of the input signal. Of course the use of the terms horizontal and 

15 vertical above is merely for clarity in the present description and it will be understood 
that each component is orthogonal to the other and not necessarily horizontal or 
vertical. 

[027] The signal output from the retarder 24 may be collected by a lens 28 that re- 
focuses the signal to another beam waist 30 at which a second retarder 32 is placed. 
20 The lens 28 may be composed of any suitable material but preferably comprises a 
plastic material that is transparent to the wavelengths of interest. One suitable 
material useful in the microwave and millimeter wavelengths is sold under the mark 
TPX which is composed of a poly-4-methyl-pentene-1 plastic or the mark Rexolite 
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which is composed of a cross-linked polystyrene. The lens 28 may be machined on 
a lathe with a hyperbolic shape that minimizes spherical aberrations such as 
described in Quasioptical Systems, by Paul Goldsmith, IEEE Press, New York, 1997, 
Chapter 5. At shorter wavelengths, such as those lying in the visible or infrared, 
5 conventional lens materials may be used such as glass or quartz for the visible range 
and silicon or germanium for the infrared range. 

[028] It is advantageous to match optical elements so that reflections do not occur 
when radiation is incident on an element from another medium of differing refractive 
index. An example of this type of matching includes the use of coatings placed on 

10 binocular and camera lenses to minimize reflection losses. At microwave and 

millimeter wavelengths this problem is more difficult, and to obtain a good match, it 
would be necessary to coat the optical element with a transparent material having an 
index of refraction equal to the square root of the ratio of the indices of the two media 
to be matched and having an optical thickness of one quarter-wave in the medium 

15 being coated or matched. When considering a wavelength at X-band, for example of 
three centimeters, a coating thickness of several millimeters in thickness may be 
required. Such a coating thickness may be impractical to apply. 
[029] Accordingly, and referring now to Figures 4 and 4a, it has been found that 
proper matching may be accomplished by providing grooves 33 on an outer surface 

20 35 of the lens. Particularly, where these grooves have a period of less than one- 
tenth wavelength, a depth of one-quarter wavelength in the lens material, and an 
aspect ratio chosen to result in an average index of refraction that is equal to the 
square root of the index of refraction in the lens material, suitable matching occurs. 
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Machining of the lens 28 to include grooves 33 may be easily accomplished because 
the lens may be composed of a material comprising a plastic as described above, 
and the wavelengths are long enough so that the grooves can be made with normal 
machine tolerances. To minimize or eliminate spherical aberrations, the lens may be 

5 formed in a hyperbolic shape such as by machining on a lathe. For matching at 
visible or infrared wavelengths, the techniques and materials used are well known, 
[030] Referring again to Figure 1 , the retarder 32, also may be composed of a 
birefringent material and, has its fast and slow axes oriented at an angle of 45 
degrees to those of the retarder 24 as shown at 34. The retarder 32 may function to 

10 delay the Stokes vector components of the signal polarized parallel and 

perpendicular to the fast and slow axes, which in the retarder 32 are oriented at 45 
degrees relative to the retarder 24. 

[031] The retarder 24 and retarder 32, are illustrated as being cascaded, and 
together may function as a modulator to rotate the polarization vector of the 
15 electromagnetic signal 16 to a predetermined angle dependent on an input state of 
polarization and thereby establish a relationship between input state of polarization 
and frequency. 

[032] The retarders 24 and 32, as described above, may be composed of a 
birefringent material that has a different index of refraction for polarization of one 
20 linear sense relative to the polarization of the orthogonal, or perpendicular sense. 
One suitable material has been found to be sapphire. Large single-crystal boules of 
sapphire, up to 30 cm in diameter, are available from S&R Rubicon of Franklin, IL. 
To make a functional retarder from such a boule, the surfaces at which the radiation 
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enters and leaves the retarder must be polished flat and the crystal must be oriented 
so that its fast and slow directions, corresponding to the different indices of 
refraction, are known. Sapphire may be suitable for visible, microwave, and 
millimeter wave frequencies, but for infrared frequencies, other materials must be 

5 used. A suitable infrared retarder material is cadmium selenide. 

[033] In order to provide refractive index matching with sapphire used in the 
retarders 24 and 32, it has been found that the plastic material sold under the 
trademark Mylar, (a polyester) is suitable, since it has an index of refraction of 1.3, 
which is close to the square root of 1 .80, the index of refraction of sapphire. 

10 Accordingly, each retarder 24, 32 may be laminated with a layer of Mylar. For 
coating in the infrared and visible bands, the techniques are well known. 
[034] It will be understood that the present invention is not limited to the presently 
disclosed arrangement for modulating the electromagnetic signal 16 and any suitable 
device which accomplishes this modulation function may be employed in the practice 

1 5 of the present invention. 

[035] A lens 36, similar in composition as the lens 28, may be employed for 
focusing the output of the retarder 32 to form a beam waist 38 which is, in turn, 
focused at a midpoint of a linear polarizer 40. The linear polarizer 40 functions to 
block all but a single polarization oriented as shown at 42. A first output 43 of the 

20 linear polarizer 40 contains a linearly-polarized modulated signal that includes an 
amplitude that is a function of the input polarization state and the net rotations of the 
polarization vector caused by the retarders as described above. The output of the 
polarizer 40 is a spectrum that contains the state of polarization of a target scene 44. 
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[036] The linear polarizer 40 may comprise a wire grid wound on a frame. The 
period of the wire spacing may be less than one-eighth of a wavelength. A linear 
polarizer suitable for use in the practice of this invention may be obtained from 
Melles Griot, Inc. of Irvine, CA. Generally, a wire grid polarizer transmits radiation 

5 polarized perpendicular to the wires and reflects radiation parallel to the wires. 
Accordingly, as shown in Figure 1, the linear polarizer 40, which is oriented at an 
angle of 45 degrees relative to the signal path axis would then transmit horizontally- 
polarized signals along the same axis without attenuation and would reflect vertically- 
polarized signals in a direction perpendicular to that axis. Wire grid polarizers may 

10 be used in the infrared bands if deposited on a suitable transparent substrate such 
as silicon or germanium. For the visible band, the mineral calcite is commonly used, 
although many alternative polarizer materials exist for the visible and infrared bands. 
[037] It will be appreciated that a spectrum of intensity versus wavelength is output 
from the polarizer 40 and an amplitude of the polarized modulated signal is now 

15 related to the input state of polarization and each input state of polarization is 
transmitted at a particular frequency. It is shown in the paper by Oka and Kato, 
described above, that the Fourier transform of such a modulated signal gives the 
Stokes parameters. The input to retarders 24 and 32 is a broadband signal which 
may be several gigahertz in bandwidth and may be randomly polarized. Random 

20 polarization, as used herein, refers to a signal that not just has an arbitrary linear 
(horizontal or vertical) polarization, but that signal is a random combination of linear 
and circular polarizations that is generally elliptical, and this polarization also 
changes in time and with frequency. The retardation of the retarders varies with 
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wavelength, so that the output of the second retarder, when passed through the 
linear polarizer, will have maxima and minima varying as a function of the input state 
of polarization and the frequency. Because of the orientation of the retarders 24 and 
32, any component of polarization exiting the second retarder 32 that is parallel to 
5 the transmission axis of the polarizer will be transmitted and a perpendicular 
component will be attenuated. Since the retardation of the retarders varies with 
wavelength, the input to the polarizer will vary in polarization, and some portion of the 
electromagnetic signal will be transmitted and some portion reflected, thus giving rise 
to the spectrum. 

10 [038] For the two retarders 24, 32 and the polarizer 40 to give a spectrum at the 
output of the receiver, it is necessary that the two retarders 24,32 be optically thick, 
which, as used herein, that their thicknesses may range between approximately five 
(5) wavelengths thick and approximately ten (10) wavelengths thick in the direction of 
propagation at the electromagnetic band of interest which is preferably at the 

15 microwave frequencies. Accordingly, a polarimeter as described herein may be less 
difficult to implement at higher frequencies or shorter wavelengths, since the 
retarders will be thinner for this case, but does not preclude its application at longer 
wavelengths if one is willing to accept a bulkier system. Also, sapphire has large 
birefringence: the difference between the ordinary and extraordinary indices is ne - 

20 no = 0.345, and the average index of refraction is 1 .80. It has essentially 

unmeasurable loss at microwave and millimeter wave frequencies. The design of a 
retarder made from sapphire for 225 GHz is described in detail in "An Experimental 
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225 GHz Pulsed Coherent Radar, by R. W. McMillan, et al., published in IEEE 
Transactions on Microwave Theory and Techniques, Vol. 39, No. 3, March 1991. 
[039] In spite of the complexity of the optical train shown in Figures 1 and 3 and 
described in detail above, it will be understood that one may place all of the optical 

5 elements at a single beam waist if the depth of focus of the antenna is great enough 
and thereby avoid use of focusing and refocusing lenses. Also, one may avoid use 
of one or more of the focusing and refocusing lenses where the depth of focus of a 
particular lens is sufficient to carry the beam waist through the retarders and 
polarizer. At visible or infrared wavelengths, it may be possible to collimate the beam 

10 through the series of retarders and the polarizer, thus eliminating many of the optical 
components. 

[040] The single polarization of the modulated electromagnetic signal output at 43 
from the polarizer 40 may be fed to a refocusing lens 46 where the resulting beam 
waist 48 may be captured by a horn antenna 50. A horn antenna suitable for use in 
15 the practice of the present invention also may be obtained from AdComm Inc. of 
Hackensack, NJ. 

[041] In accordance with a feature of the present invention, a receiver 52 which may 
be tuned to a microwave frequency, is connected to receive the modulated 
electromagnetic signal from the horn antenna 50. The receiver 52 places each 
20 spectral increment into a unique spectral bin to effect accurate spectral 

measurements and an output (in an analog format) is illustrated at 54. These 
spectral increments may then be used as inputs to an analyzer or computer 56, for 
taking a Fourier transform. As described in more detail below in connection with 
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Figure 5, a computer may also be used to perform a correlation process in which the 
polarization signature spectrum is compared to known spectra to effect target 
detection and/or identification. If the Fourier transform operation is then performed 
on the output shown at 54, these components will be separated in frequency, as 
5 shown at 58. 

[042] Referring now also to Figure 2, the receiver 52 may comprise an amplifier 60, 
a detector 62, and an analog to digital converter 64. The detector 62 comprises a 
mixer 65, an oscillator 67 and a low pass filter 69. The electromagnetic signal input 
to the receiver is amplified at 60 and input to the mixer 65 preferably employing a 

10 microwave frequency, where it is mixed with the oscillator 67 which is preferably a 
swept frequency oscillator configured to cover the same band as the input signal. 
The result is a signal at baseband (DC) that fluctuates in amplitude as a function of 
the input frequency. Since this frequency is known, a spectrum is generated whose 
precise dependence on frequency is known. Suitable mixers are made by California 

15 Eastern Laboratories of Santa Clara, CA, and a suitable swept oscillator and suitable 
filters are made by Comstron Laboratories of Plainview, NY. This approach to 
frequency determination is well known and has been available to microwave 
engineers for many years. 

[043] For the infrared and visible frequencies, the spectrum may be measured using 
20 a Computed Tomographic Spectral Imager such as that described by Descour, et al. 
in Applied Optics, Vol. XX, No. XX. In this case, a separate spectrum may be 
generated for each resolution element (pixel) of a focal plane, so that it is possible to 
perform the polarization correlation process on every pixel in the target scene. In this 
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way, both spatial, spectral, and polarization correlation may be used to effect target 
detection and/or identification. 

[044] A computer 66 including a processor may be employed which is programmed 
in a known manner to carry out the known steps of Fourier transformation thereby 

5 providing one or more components of the Stokes vector. In an embodiment utilizing, 
e.g., the 8 to 12 GHz microwave band, the amplifier 60 may comprise a microwave 
amplifier such as the Model AF S085011 60-09-1 OP-4 manufactured by Miteq Inc. of 
Hauppauge, NY. The amplifier 60 may be in circuit with the detector 62 which may 
function to measure the power output of the amplifier. A suitable detector may be 

10 the Model HP 8471 E manufactured by the Hewlett Packard Company of Palo Alto, 
CA. Note that as the frequency of the receiver 52 is varied over its bandwidth range, 
the output of the detector 62 will vary according to the polarization state of the 
incoming modulated electromagnetic signal, thus tracing out the desired spectrum, 
which is simply the variation in intensity of the incoming signal, caused by 

15 polarization, as a function of the original electromagnetic signal frequency. The 
output of the detector 62 is fed into an analog-to-digital converter ("ADC") 64 that 
converts each signal level into a digital word. One ADC found to be suitable for 
practice in the present invention is type AD10200 manufactured by Analog Devices, 
Inc. located in Wilmington, MA. The digital data output by the ADC 64 is processed 

20 by a computer 66 that generates its Fourier transform using any one of several 

software packages, such as MATLAB™ developed by The Mathworks of Natick, MA. 
From this Fourier transform, the components of the Stokes polarization vector are 
output as shown at 58 in Figure 1 and may be used, for example, in target 
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discrimination. This process for ascertaining the Stokes polarization components is 
described in detail by Oka and Kato in the paper entitled "Spectroscopic Polarimetry 
with a Channeled Spectrum" by Kazuhiko Oka and Takayuki Kato, published in 
Optics Letters, Vol. 24, No. 21, November 1, 1999, described above, and which is 
5 hereby incorporated herein by reference to the extent necessary to make and use 
the present invention. 

[045] Referring again to Figure 1 , the polarizer 40 may comprise a second output 68 
for the modulated electromagnetic signal. The signal output at 68 is polarized 
orthogonal to that of the modulated electromagnetic signal output at 43. The 

10 orthogonally-polarized signal output at 43 may be captured at a second receiver 70 
after passage through a refocusing lens 72 and a horn antenna 74. It will be 
appreciated that the second receiver may be any suitable radar receiver and the 
refocusing lens 72 and the horn antenna 74 may be similar to those described 
above. The two receivers 52 and 70 may each communicate with a power combiner 

15 76 via pathways 78 and 80 such that the orthogonally polarized signals may then be 
combined. A suitable power combiner may be purchased from Mini-Circuits of 
Brooklyn. NY. 

[046] It will be understood that if only one output of the linear polarizer 40 is passed 
to a receiver, half of the original electromagnetic signal is lost. More importantly, the 
20 portions of the signal that are lost may correspond to important radar returns at the 
frequency at which the signal is transmitted. Accordingly and to prevent such loss, 
the two polarization components that are separated by the linear polarizer 40 and 
amplified in the first stages of the horizontal and vertical receivers 52 and 70 are 
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recombined to give a radar signal which may be subsequently processed by methods 
normally used for such processing to extract target range, Doppler information and/or 
scene temperature measurements. In this way, the added polarization discrimination 
capability of the radar/radiometer is an additional feature that does not interfere with 

5 conventional radar system operation. Indeed, as described in more detail below, the 
correlation of the received spectrum with known target polarization spectra in 
accordance with the present invention is an especially powerful discrimination 
technique whereby electromagnetic signal reflected from a particular target of 
interest in a target scene may be separated from clutter and jammers in both active 

10 and passive systems employing, for example, microwave frequencies. 

[047] The transmitter 14 may be employed in the practice of the present invention to 
illuminate the target scene 44 with an electromagnetic signal 82 in which case a 
bistatic radar is provided rather than a monostatic radar. A monostatic radar uses a 
common antenna for both transmit and receive functions and another embodiment of 

15 the present invention illustrating a monostatic radar is described below in connection 
with Figure 3. 

[048] As seen in Figure 1, the transmitter 14 may comprise a conventional 
transmitter, such as available from the Raytheon Corporation of Bedford, MA, 
Lockheed Martin of Moorestown, NJ, and Northrop Grumman of Baltimore, MD, and 
20 may include a horn 84 and an antenna 86 for radiating the electromagnetic signal 82. 
[049] Figure 3 illustrates another embodiment of the present invention wherein a 
polarimeter ICQ is configured as a monostatic radar. As shown, the polarimeter 100 
may be arranged and may function similar to the polarimeter 10 described above, 
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excepting that a transmitter 1 14 and a circulator 1 15 are located between a horn 
antenna 150 and a receiver 152. The transmitted signal follows the same path as 
the received signal, being focused and re-focused by lenses (128, 136 and 146) and 
passing through a linear polarizer 140 and a pair of retarders before passing a lens 

5 122 and being focused into the antenna 118 and radiated. The electromagnetic 
signal output of the transmitter is preferably polarized so that passage through the 
linear polarizer 140 has no effect on it. Passage through the retarder 132 for which 
the fast and slow axes are at 45 degrees to the linear polarizer 140 rotates the 
polarization vector of the transmitted signal to some angle that is analytically 

10 dependent on its wavelength and delays the components of the polarization vector 
along the two orthogonal axes of the retarder relative to each other. Subsequent 
passage through the retarder 124 with axes oriented vertically and horizontally 
rotates the two components delayed by the first retarder relative to each other to 
other angles analytically dependent on wavelength. The output of the radar is then 

15 polarized with a spectrum of polarizations, generally elliptical, dependent on 
wavelength, and the analytical nature of this approach provides the means to 
calculate this polarization state for each transmitted wavelength. In particular, it will 
be understood that since the vector components of the transmitted electromagnetic 
signal 82 are known and a transformation matrix may be prepared knowing the 

20 particularly pertinent parameters of the retarders 124 and 132, the vector 
components of the electromagnetic signal expected to be received may be 
calculated. As described below, the target may change or modulate these 
components to give a signature that is unique to that target. The vector components 
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of the received signal may be measured by the receiver and this polarization 
signature may then serve as a discriminant. 

[050] The electromagnetic signal reflected from the target is collected by the 
antenna 118 which focuses it into the retarder 124. The lens 128 refocuses the 

5 electromagnetic signal into another retarder 132, and another lens 136 collects the 
electromagnetic signal output from the second retarder 132 and focuses the signal 
into the linear polarizer 140. The linear polarizer 140, similar to the linear polarizer 
40 described above, has two outputs 143,168 corresponding to horizontally and 
vertically polarized signals. The horizontal path is described first. The output of the 

10 linear polarizer 140 is focused into a horn antenna 150 which is preferably configured 
to accommodate microwave frequencies, passes through the circulator 115 and is 
collected by the receiver 152. The circulator 115 may take input from one port and 
outputs it to the next sequential port in a counter-clockwise direction. Accordingly, an 
electromagnetic signal from the antenna 150 thus passes into the receiver 152 and 

15 not into the transmitter 1 14, while the electromagnetic signal from the transmitter 
passes into the antenna 150 and not into the receiver 152. A suitable circulator may 
be purchased from many sources, including Alcatel Network Systems of San Jose, 
CA. The receiver 152 preferably functions similar to the receiver 52 described above 
in connection with Figures 1 and 2. The output of the receiver 152 is shown at 156 

20 and labeled as the Fourier transform input. The Fourier transform of the output 
shown at 156 yields the vector components described above and as shown at 158 
labeled as the Fourier transform output. 
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[051] The output 168 of the linear polarizer 140 may be collected by the horn 174 
after passing lens 172 and passes into the receiver 170 and to a power combiner 
176. Similar to the arrangement shown in Figure 1 , the output of the receiver 170 
may be combined with that of receiver 152 in the power combiner 176 to give the 
5 sum of the two orthogonally opposed signals which may be used, as described 
above, to obtain additional radar measurements such as target range, Doppler 
information and/or scene temperature measurements. 

[052] In all targets there will be some degree of depolarization characteristic of the 
target, which is a measure of the polarization signature of the target. These 

10 sometimes subtle and ordinarily undetectable depolarization components in the 
signal reflected from the target will be detected by receiver 52,152 and the Fourier 
transform operation 56,156, and will be useful in discriminating targets from clutter 
and jammers in the radar embodiment of the present invention. The computer 66, 
shown in Figure 2, may be programmed to identify differing targets based on 

15 depolarization components in order to identify a target signature. 

[053] Referring now to Figure 5, a correlating polarimeter in accordance with 
another embodiment of the present invention is illustrated generally at 200. The 
correlating polarimeter 200 comprises many components that may be similar to 
those of the polarimeter 10 and, therefore, like components are numbered similarly, 

20 excepting that they are preceded by a "2". Accordingly, reference may be had to the 
above description for further details concerning a particular component. 
[054] In this embodiment, the correlating polarimeter 200 may comprise a passive 
correlating radiometer 212 which may be employed in connection with a transmitter 
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214 to form a bistatic radar. A broadband signal 216 of arbitrary polarization emitted 
or reflected from a target scene within the field of view of the radiometer antenna 
may be collected by an antenna 218 and focused to a beam waist 220 along a focal 
plane by a reflector 222. 

5 [055] A retarder 224, made of a birefringent material preferably suitable for 

millimeter wave radiation such as sapphire as described above, may be placed at a 
center of the beam waist 220 with its fast (F) and slow (S) retardation axes oriented 
as shown at 226. The signal output from the retarder 224 may be collected by a lens 
228, which may be similar in composition to the lens 28 described above, that re- 

10 focuses the signal to another beam waist 230 at which a second retarder 232 is 

placed. The retarder 232, may be similar in composition to the retarder 224 and, has 
its fast and slow axes oriented at an angle of 45 degrees to those of the retarder 
224, as shown at 234. 

[056] The retarder 224 and retarder 232, are illustrated as being cascaded, and 
15 together, similar to that described above, may function as a modulator to rotate the 
polarization vector of the electromagnetic signal 216 to a predetermined angle 
dependent on an input state of polarization and thereby establish a relationship 
between input state of polarization and frequency. The retarders 224 and 232, as 
described above, may each also be composed of a birefringent material such as 
20 sapphire and be laminated with a layer of Mylar. However, it will be understood that 
the present invention is not limited to the presently disclosed arrangement for 
modulating the electromagnetic signal 216 and any suitable device which 
accomplishes this modulation function may also be employed in this embodiment. 
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[057] A lens 236, that may be similar in composition to the lens 228, may be 
employed for focusing the output of the retarder 232 to form a beam waist 238 which 
is, In turn, focused at a midpoint of a linear polarizer 240. The linear polarizer 240 
may be fabricated and may function similar to the linear polarizer 40, described 

5 above, to block all but a single polarization oriented as shown at 242. A first output 
243 of the linear polarizer 240 may contain a linearly-polarized modulated signal that 
includes an amplitude that is a function of the input polarization state and the net 
rotations of the polarization vector caused by the retarders as described above. The 
output of the polarizer 240 is a spectrum that contains the state of polarization of a 

10 target scene 244. 

[058] Similar to the two retarders 24, 32, described above, the two retarders 
224,232 may be optically thick, which, as used herein, refers to their thicknesses 
which may range between approximately five (5) wavelengths thick and 
approximately ten (10) wavelengths thick in the direction of propogation at the 

15 electromagnetic band of interest. Preferably, the wavelength of the electromagnetic 
signal 216 is in the millimeter band. 

[059] The single polarization of the modulated electromagnetic signal output at 243 
from the polarizer 240 may be fed to a refocusing lens 246 where the resulting beam 
waist 248 may be captured by a horn antenna 250. A receiver 252 which may be 
20 tuned to a microwave frequency, is connected to receive the modulated 

electromagnetic signal from the horn antenna 250. The receiver 252 may function 
similar to place each spectral increment into a unique spectral bin to effect accurate 
spectral measurements and an example of a received waveform output from the 
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receiver 252 is illustrated at 254. These spectral increments may then be used as 
inputs to an analyzer 256, such as a computer as described above, for taking a 
Fourier transform and providing output such as shown at 258 from which, it will be 
appreciated that, the Stokes polarization components may be calculated. While not 
5 shown, similar to the receiver 52, described above in connection with Figure 2, the 
receiver 252 may comprise an amplifier, a detector and an analog to digital 
converter. Also as described above, the detector may comprise a mixer an oscillator 
and a low pass filter. 

[060] The linear polarizer 240 may comprise a second output 268 for the modulated 
10 electromagnetic signal. The signal output at 268 is polarized orthogonal to that of 
the modulated electromagnetic signal output at 243. The orthogonally-polarized 
signal output at 243 may be captured at a second receiver 270 after passage 
through a refocusing lens 272 and a horn antenna 274. The two receivers 252 and 
270 may each communicate with a power combiner 276 via pathways 278 and 280 
15 such that the orthogonally polarized signals may then be combined as described 
above. 

[061] The transmitter 214 may be employed in the practice of the present 
embodiment to illuminate the target scene 244 with an electromagnetic signal 282 to 
form a bistatic radar. The transmitter 214 may include a horn 284 and an antenna 
20 286 for radiating the electromagnetic signal 282. 

[062] In accordance with a feature of this embodiment, a correlator 289 may be 
employed to determine a correlation between a received waveform such as that 
shown at 254 (in analog format) and one or more test or predetermined waveforms 
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which may be stored in a memory 291. The predetermined waveforms may 
comprise a number of signals, e.g., target signatures, which are reflected from 
particular targets of interest and measured at a test facility and then digitized for 
storage in the memory 291 . Accordingly, the correlator 289 may compare how well 

5 the received waveform such as received waveform 254 correlates to the 

predetermined waveform in order to identify a particular target and may output a 
correlation indicator such as a correlation factor calculated in a known manner. A 
correlation factor, e.g., in a range of between negative one and one, may be 
calculated for each of the predetermined waveforms stored in the memory 291 such 

10 as to identify the predetermined waveform, corresponding to a target of interest, with 
the highest correlation. In one example, where there are a number of particular 
targets of interest that are identified as decoys, high correlation factor may also 
indicate that no target of interest is present. 

[063] It will be recognized that a software or firmware program may be employed to 
15 carry out such a correlation, although, it will be appreciated that other means may be 
employed in accordance with the present embodiment such as a matched filter, 
comparator or differential amplifier. In one example, correlation may be 
accomplished using a software package, such as MATLAB™ developed by The 
Mathworks of Natick, MA. Also, it will be appreciated that while a memory containing 
20 predetermined waveforms may be employed, it is not necessary in the practice of the 
present embodiment. For example, instead of, or in addition to memory 291 , a 
receiver may be employed whereby a predetermined waveform may be received for 
input to the correlator 289. Further, it will be recognized that the embodiment shown 
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in Figure 3 may be adapted in a manner similar to that shown in Figure 5 to provide a 
correlating polarimeter monostatic radar system. 

[064] As described above, Fourier transformation 256 may be employed for 
determining the Stokes parameters. While not shown, it will be understood that 
5 correlation may be accomplished after the waveform is subject to Fourier 

transformation. For example, a comparison of each of the Stokes parameters may 
be made for generating a correlation indicator such as a correlation factor as 
described above. 

[065] While the present invention has been described in connection with what are 
10 presently considered to be the most practical and preferred embodiments, it is to be 
understood that the present invention is not limited to these herein disclosed 
embodiments. Rather, the present invention is intended to cover all of the various 
modifications and equivalent arrangements included within the spirit and scope of the 
appended claims. 
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